We consider viscous damping of both strong and weak Alfvenic turbulence in fully ionized plasmas. We find that the damping is affected by the wandering of magnetic field lines, which makes the effective viscosity scale-dependent. We show that the strong turbulence cascade gets into the viscosity-damped regime at the scale that is larger than the ion mean free path by a ratio of thermal to Alfven velocities. We expect, however, that at scales less than the ion mean free path the strong turbulence cascade gets resumed. We identify the circumstances for the weak Alfvenic turbulence to get damped by plasma viscosity and discuss the astrophysical implications that the viscous damping entails.
ASTROPHYSICAL MOTIVATION
Magnetic fields substantially alter properties of astrophysical plasmas. Viscous damping determines the range of scales at which the magnetized plasma is turbulent. While for unmagnetized plasma the viscosity is uniquely determined, for the magnetized one the viscosities are different for motions perpendicular and parallel to magnetic field (Simon 1955 , Braginskii 1957 . If cyclotron frequency ω c is much greater than the ion-ion collisional frequency ν ii , the viscosity for motions perpendicular to magnetic field lines is reduced by a factor ∼ (ν ii /ω c ) 2 ≪ 1 compared to its value for the viscosity in unmagnetized fluid. Thus, for the many astrophysical situations the classical perpendicular viscosity is negligible.
However, in Alfvenic turbulence, the particles moving strictly along the wandering magnetic field lines diffuse not only parallel, but also perpendicular to the locally defined magnetic field of an eddy. This effect has been identified as important for cosmic ray transport, damping of MHD turbulence (Jokipii 1966 , Barghouty & Jokipii 1996 , Farmer & Goldreich 2004 , Yan & Lazarian 2004 , magnetic reconnection (Lazarian & Vishniac 1999 , henceforth LV99, Lazarian, Vishniac & Cho 2004 , henceforth LVC04), as well as thermal conduction (Narayan & Medvedev 2001 , henceforth NM01, Lazarian 2006 , henceforth L06). Below we discuss the effects of field wandering for the viscous damping of Alfvenic turbulence.
DAMPING FOR GOLDREICH-SRIDHAR TURBULENCE
2.1. Goldreich-Sridhar model A successful model of Alfvenic turbulence was proposed by Goldreich -Sridhar (1995, henceforth GS95) . The key component of this model is the so-called critical balance V A /l ≈ V /l ⊥ , which relates the motions at the parallel to the local magnetic field (denoted ) and perpendicular (⊥) scales. In spite of the fact, that some aspects of this model may require further work, such as the exact scaling of the spectrum and anisotropies, that may be effected by the weakening of the non-linear interactions as turbulence cascades (Boldyrev 2005 , 2006 , the disparity between the magnetic field and velocity (Muller & Grappin 2005 ), the GS95 model presents researchers with a good starting point for investigating general properties of Alfvenic cascade 1 . The simplification of the original GS95 model is the assumption of the injection of energy at the Alfven velocity, namely, that V L = V A , i.e. the Alfven Mach number of the turbulence M A = 1. It is intuitively clear that for M A < 1 turbulence should be anisotropic from the injection scale L. In fact, at large scales the turbulence is expected to be weak (see Goldreich & Sridhar 1997 , LV99, Galtier et al. 2000 . Weak turbulence is characterized by wavepackets that do not change their l , but develop structures perpendicular to magnetic field, i.e. by decreasing l ⊥ . This cannot proceed indefinitely, however. At some small scale the GS95 condition of critical balance gets satisfied. The corresponding scale l trans can be obtained by substituting the scaling of weak turbulence (see
1/2 into the critical balance condition. This provides the perpendicular scale l trans ∼ LM 2 A and the corresponding velocity V trans ∼ V L M A (see also Goldreich & Sridhar 1997) . For scales less than l trans the turbulence is strong and follows the scalings of the GS95-type, i.e. for
2.2. Diffusion between eddies, M A ≤ 1 Viscous damping of turbulence happens as particles from one eddy penetrate the adjacent eddies. The diffusion in the plasma is modified by the magnetic field. For laminar magnetic field the diffusion perpendicular and parallel to magnetic field is given by the Braginsky coefficients η ⊥ and η , respectively. As in many astrophysical situations η ⊥ ≪ η , the diffusion in the direction perpendicular to the magnetic field is negligible. However, for a turbulent magnetic field that obeys Eq. (2) a new effect, namely, magnetic field wandering is present. As a result, a particle moving strictly along magnetic field lines moves at an angle to the locally averaged direction of magnetic field B l in its vicinity. The latter changes with the scale of eddies under study (see discussion in GS95, Vishniac 2002a) . Consider an Alfvenic wavepacket or an eddy 2 . The directions of the actual magnetic field within the turbulent wavepacket vary around the magnetic field direction averaged over the wavepacket. The effects of this dispersion of directions have been calculated within the framework of the GS95 model for different astrophysically-important transport processes (see LV99, NM01, Farmer & Goldreich 2004 , Yan & Lazarian 2004 , LVC04, Chandran & Maron 2004 . Below we discuss the effect of field wandering on the transport of momentum in magnetized turbulent plasmas. In particular, we show that the deviations of magnetic field directions from the locally defined field of an Alfvenic wavepacket or eddy allow perpendicular plasma diffusion that smoothes the gradients of velocities in the perpendicular direction. In the GS95 picture k ⊥ ≫ k and the diffusion of ions perpendicular to the magnetic field of Alfvenic eddies creates viscosity that can damp the cascade of Alfvenic modes. Note, that while the diffusion in direction does not damp Alfvenic modes, the deviations of magnetic field lines from B l induce viscosity for these modes.
Consider an individual eddy obeying Eq. (2). If we describe magnetic field wandering in the direction perpendicular to the local magnetic field by d y 2 /dx ∼ y 2 /l (LV99, NM01), where l is expressed by Eq. (2) and l ⊥ is associated with y
which reflects the fact that the diffusion of lines over the distance l results in the magnetic field wandering perpendicular to B l by l ⊥ , where the two scales are related via Eq. (2). This generalizes the relations in NM01 obtained for M A = 1 (see also L06). In the collisional limit, i.e. when the ion mean free path λ ≪ l the time to diffuse the distance l is l 2 /η , with η ≈ 1/3v i λ, where v i is the thermal velocity of ions. In terms of the perpendicular distance the ion would cover,
where we used Eq. (2). This result above has clear physical meaning. While an ion diffuses along a field line inclined to the mean field by an angle θ ∼ l ⊥ /l ≪ 1 the velocity of ions in the direction perpendicular to magnetic field is v therm θ and the collisions occur as the ion moves λθ in the ⊥ direction. This provides the (l ⊥ /l ) 2 reduction factor in Eq. (4).
2.3. Viscous Damping Scale, M A ≤ 1 Turbulence damping occurs when the rate of energy cascading, which in the GS95 model is equal to v l l −1 ⊥ becomes equal to the energy dissipation rate, which for 2 For strong MHD turbulence the wavepacket and eddy descriptions are equivalent (CLV02). l > λ is equal to η ⊥,str l −2 ⊥ . The latter according to Eq. (4) is η l −2 , which results in the viscous dissipation scale coinciding with the one for the turbulent motions directly affected by parallel diffusivity, e.g., compressible motions ( see Lithwick & Goldreich 2001) . However, the dissipation scale
is obtained here for Alfvenic incompressible modes. The scale l ⊥,str,c with the help of Eq. (2) can be expressed as
Consider first v th > V A . In this case, the damping happens before the turbulent parallel scale reaches λ. For typical plasma this scale is much larger than the scale of Ohmic dissipation (see Spitzer 1962) . As the result, the turbulence enters the viscosity-dominated regime of MHD turbulence which was studied for isotropic diffusivity numerically in Cho, Lazarian & Vishniac (2002b , and analytically in LVC04. In this regime magnetic fluctuations develop an intermittent cascade to smaller scales and the spectrum of the fluctuations is
, while the parallel scale stays equal to l ,crit . The energy of the cascade is being supplied by marginally damped eddies. Physically this cascade corresponds to the development of finer and finer magnetic filaments, which are confined by the pressure of the ambient gas. For the partially ionized gas it was predicted in LVC04 that as ions get decoupled from neutrals at create intermittent in space and time bursts of GS95-type MHD turbulence.
The viscosity dominated cascade with the anisotropic diffusivity requires further analytical work and numerical testing. One may speculate, however, that the basic features of the magnetic field cascade stay similar to those in the isotropic case until the perpendicular magnetic field scale gets so small that the GS95 cascade can be resumed, i.e. when l ⊥ gets so small that the corresponding l calculated according to Eq. (2) gets smaller than λ. In the resumed cascade the viscosity is proportional to the rate of ion-ion collisions ν ii , while the rate of eddy turnovers scales as l −4/3 ⊥ . As a result the resumed cascade is marginally affected by viscosity and it proceeds to scales of Ohmic dissipation or the Larmor radius, whichever comes first. Naturally, for v th < V A no intermissions of the strong Alfvenic cascade take place.
VISCOUS DAMPING FOR OTHER CASES
3.1. Weak Alfvenic Turbulence, M A < 1 For random isotropic driving at scale L the weak turbulence cascade takes place at ⊥ scales larger than l trans ∼ LM Therefore, analogous to Eq. (4) we may introduce the effective perpendicular viscosity coefficient
The cascading rate of weak turbulence is τ
Together with the constancy of the energy flux through the cascade this provides τ
nl to the diffusivity rate η ⊥,weak /l 2 ⊥ one gets the perpendicular damping scale l ⊥,weak,c ∼ λM
If Alfvenic turbulence start as weak and transfers to strong before it is stopped by viscosity, the resulting strong turbulence gets into the viscosly damped regime. Indeed, it is easy to see that the condition l trans > l ⊥,weak,c results in v th /V A < L/λ, which coincides with the condition that follows from l trans > l ⊥,strong,c . If l ⊥,weak,c > L the picture is the same, i.e. the viscous damping happens in the regime of strong Alfvenic turbulence. However, for l trans < l ⊥,weak,c < L the Alfvenic turbulence get viscosly damped while in the weak turbulence, which requires that
A (see Eq. (8)).
If L < λ, the viscous damping of the cascade happens at the ν ii rate. Taking λ ∼ ν ii v th one gets the scale at which the cascading is equal to the damping that coincides with Eq. (8). Above this scale the turbulence is viscosly damped, while below this scale the plasma viscosity cannot stop the Alfvenic cascade.
If the rate of damping exceeds the wave frequency V A /L, weak turbulence is completely damped. However, the stochastic driving itself excites turbulence in viscosly damped regime. One can identify the driving frequency v L /L and the amplitude of the magnetic field fluctuation b L with the corresponding parameters of the marginally damped eddies in LVC04, but anisotropic diffusivity of magnetized plasmas limits the direct applicability of the LVC04 model as far as quantitative predictions are concerned. A at which the turbulent velocity gets equal to the Alfven one. If l A < λ, according to L06, l A should be used instead of λ to characterize the diffusion. Provided that the effects of folded fields that we discuss in §4 are not dominant, the viscosity of the magnetized gas in this case is isotropic in the range of scales [l A , L] and
However, for scales less than l A the considerations in § 2 are applicable. The corresponding anisotropies and the viscosity damping scale can be easily obtained by substituting Eq. (2) l A instead of L and accounting for the fact, that the injection velocity at l A is equal to V A . Repeating our arguments in § 2 we get that for λ < l A the parallel critical size coincides with that in Eq. (6), while the critical perpendicular size is given by the expression
Naturally, if λ > l A , similar to the case in § 2, the plasma viscosity does not stop the Alfvenic cascade. The case of decaying turbulence provides interesting consequences for superAlfvenic turbulence. Indeed, while the hydro turbulence decays over time ∼ L/v L , the magnetic field lines get straightened over time ∼ L/V A . This means that over time
L ) the magnetic stress will drive turbulence with the Alfven velocity at the injection scale that grows with the time as l A +V A t. Again, our considerations in § 2 are applicable for describing viscosity in this case.
IMPLICATIONS
Consider the consequences of viscous damping of Alfvenic turbulence for interstellar and intracluster gas. The mean free path of a proton scales as λ ≈ 3T 2 3 n −1 −3 , where the temperature T 3 ≡ kT /3 keV and n −3 ≡ n/10 −3 cm −3 . This provides λ on the order of 0.8 -1 kpc for the inter-cluster medium (see NM01) and 0.7 pc for Hot Ionized Medium (HIM) phase of the interstellar gas (see Yan & Lazarian 2004 ). Both plasmas are high beta, i.e. thermal pressure is higher than the magnetic one. Adopting an illustrative model of inter-cluster plasma by Enßlin, Vogt & Pfrommer (2005) with 10% of volume filled with 10 µG field and 90% of the volume filled with 1 µG field, we get that the ratio v th /V A on the order of 15 for 90% of the volume. This means that within the range of scales from 15 kpc to 1 kpc the turbulence is expected to be viscosity-dominated. This may have an effect on different transport processes, including heat transport, in the inter-cluster gas. The range of scales that are expected to exhibit a similar regime in the HIM is limited from 1.3 pc to 0.7 pc. The uncertainty of these estimates stems from the fact that collisionless instabilities arising from compressions in plasma can decrease the proton mean free path λ compared to the value above (see Schekochihin & Cowley 2006 . Note, that even Alfvenic cascade drives compressible motions which is quantified in Cho & Lazarian (2002) . The particular discussion is beyond the scope of our paper, however.
Propagation and acceleration of Cosmic Rays may be affected by the interval of scales at which the Alfvenic turbulence is viscously damped. At these scales we expect a). the resonance and non-resonance acceleration by magnetic fluctuations (see Cho & Lazarian 2006 ) to be reduced, b). less suppression of streaming instability by ambient turbulence (Yan & Lazarian 2002 , Farmer & Goldreich 2004 . As a result, the particles with Larmor radius in the range [λ, l ,crit in the viscosity damped regime (see § 4.1) may be more affected by the instability. Indeed, a proton with a pitch angle ξ to a magnetic field line resonantly interacts with incompressible magnetic perturbations at scales l ∼ nΩ/ cos ξ, where n = ±1.. and Ω = Ω 0 /γ is the gyro-frequency of the relativistic particle. Our estimate above shows that l for turbulent motions may have a gap in the range of [0.7, 1.3] pc, which may affect scattering of the cosmic rays with energies around 5 × 10 15 eV. Radio-wave scattering by electron density fluctuations created by folded fields is discussed in Goldreich & Sridhar (2006, henceforth GS06) . According to Schekochihin et al. (2004) such fields arise from the turbulent dynamo acting in a high Prandtl number fluid. While GS06 successfully accounted for the extreme radio-wave scattering in the galactic center by appealing to the folded fields, they correctly pointed out that the whole concept of the folded fields is established using the MHD simulations with scalar diffusivities and "the reduction of the kinematic viscosity in directions perpendicular to magnetic field is a concern" as the rapid unwind of folded fields may make it difficult to maintain the folded structure. Our present work mitigates this concern, as we show that the magnetic field diffusion should self-regulate the kinematic viscosity. If the folded magnetic fields unfold, the increase of viscosity should trigger the negative feedback that decreases the rate of unfolding. However, the resulting field structure requires further investigation.
The turbulent reconnection model is based on the notion that the magnetic field wandering increases the thickness of the outflow region (LV99) compared to that in the classical Sweet-Parker scheme (Sweet 1958 , Parker 1957 . It was shown in LVC04 that the rate of field wandering decreases in the viscosity-damped turbulence. As a result, one may expect a decrease of the reconnection rate in high beta plasma compared to estimates in LV99. However, as the range of scales over which viscosity dominates the motions of plasmas is limited, the reconnection speed, similar to the case for partially ionized gas discussed in LVC04, is expected to stay a substantial fraction of V A . Due to the same effect, we do not expect a noticeable change in the thermal conductivity of turbulent magnetized plasmas (see NM01, L06 and references therein).
DISCUSSION AND SUMMARY
In the paper above we used Eq. (3), which represents the large scale diffusion of magnetic field lines. In the presence of the minimal turbulence scale l ⊥,min which is larger than λ an additional effect related to the exponential divergence of the field lines at scales less than l ⊥,min becomes important. Indeed, to diverge from the scale of the ion proton radius ρ p to the scale l ⊥,min the proton should diffuse an analog of the so-called RechesterRosenbluth (1978) distance of l ⊥,min ln(l ⊥,min /ρ p ), the origin of which in multi-scale turbulence is clear from the NM01 treatment. This effect may somewhat decrease the diffusivity and therefore the viscosity for the weak Alfvenic turbulence we discussed in § 3.1. However in fully ionized plasma we expect some energy to percolate to small scales, e.g. via the viscosity-damped cascade we alluded to several times in the paper. This should increase the wandering of magnetic field lines and make our estimates for the damping of the weak turbulence appropriate.
This paper demonstrates that the naive use of Braginsky perpendicular viscosity is not applicable to describing the damping of turbulence in magnetized plasmas, as magnetic field lines wander in space and are not parallel to each other. However, more work, especially in terms of a quantitative description of the viscosity damped magnetic field cascade for anisotropic viscosity, is required.
All in all, our results can be summarized as follows:
• Viscous damping of Alfvenic turbulence should be calculated taking into account magnetic field wandering. This makes the effective plasma viscosity coefficients scale dependent.
• The viscous cutoffs of the Alfvenic cascade happens only for pressure dominated plasma (i.e. v th > V A ) with the energy injection scale L that is larger than the mean free path of protons λ. Resumption of the Alfvenic cascade (or its initiation in the case when the viscosity is large at scale L) is expected at scales less than λ.
• For subAlfvenic turbulence, i.e. M A ≤ 1, if
A the viscous damping of Alfvenic cascade happens while the turbulence is strong. The range of scales at which viscosity dominates the dynamics of the cascade is [λ, λ(v th /V A )].
• For M A < 1 and L/λ < v th /V A < L/λM 
